Sex Pheromone, Disparlure, Gypsy Moth, Nun Moth, Sex Attractant Disparlure, (cis-7,8-epoxy-2-methyloctadecane) the sex attractant of the gypsy moth, P orth etria (L ym a n tria ) dispar, attracts the male nun moth, L ym antria monacha, in the field and is a highly effective olfactory stimulus in electroantennogram (EAG) and single-cell recordings. We have now analyzed the extract of 2000 abdominal tips of the female nun moth. Physical and chemical tests, which included gas-chromatographic retention times, elution volumes from silica gel and silica gel-silver nitrate columns, mass spectra, epoxide functionality, EAG-activity of chromatographic fractions with gypsy moth antennae, presence of disparlure precursor, all indicated that disparlure is present in the extract of nun moth sex glands. The optical activity of the natural disparlure of the two species has not yet been determined.
Several authors have reported 1-0 that disparlure, ci,s-7,8-epoxy-2-methyloctadecane 6, the sex attractant of the gypsy moth, Porthetria (Lymantria) dispar (L .), is a highly effective attractant for the nun moth, Lymantria monaeha (L .). F urther evidence for the presence of disparlure in the nun moth rests on electroantennogram (EAG) and single cell data. Additional physical data were sought to establish the presence of disparlure in this species.
M aterial
In July 1973, 2000 pupae of female nun moths were collected during an outbreak of Lymantria monacha5 in a 60-year-old 300-ha forest in the Silkeborg district, Middle-Jiitland/Denmark. The forest consisted of Pinus silvestris L. with some Picea excelsa L. underwood of varying density. The moths emerged in cages in the forest, and 1 -2 days after emergence, the abdominal tips were cut off and preserved in benzene. Further treatment was then delayed for several weeks.
We acknowledge the collaboration and helpful attitude of the Chief Forester G. Rafn/Silkeborg.
M ethods and Results
In the search for disparlure in the nun moth, the 2000 female sex glands were homogenized and then extracted with benzene and cyclohexane. The con centrated extract was chromatographed on 10 g of silica gel, and the following hexane-ether fractions (1 0 -15 ml each) were collected: 3 of 100% hexane. 5 of 2% ether in hexane, 7 of 5% ether in hexane, 3 of 15% ether in hexane, and 5 of 100% ether. Electroantennogram (EAG) recordings (gypsy moth antennae) showed activity in the third fraction of 5% ether in hexane, which was the elution volume of disparlure when chromatographed identically. The concentrate from this fraction and adjacent ones (to avoid loss) was further chromatographed on 30 g Hi-Flosil-Ag® (silver nitrate on silica gel, Applied Science Lab, State College, Pa., USA) with 100 ml 100% hexane, 150 ml 2% ether in hexane, and then 5% ether in hexane; following 3 0 m l of the latter solvent found inactive by EAG, active material was eluted in the next 50 ml. Gas chromato graphy (GC) of the concentrate of this fraction on SE-30 (5% on 70/80 mesh Anakrom ABS, copper column 1 .8 m x 4 m m i.d., 190c ) gave a peak with a retention time (tu) (8 min) coinciding with that of disparlure. (GC on DEGS, Carbowax 20M, and Silar 10C failed to separate disparlure from gross interference.)
A mass spectrum of this peak was obtained from the partially purified extract as previously de scribed ' on a Finnigan 1015 quadrupole mass spectrometer equipped with a gas chromatographic inlet and a Systems Industry 150 magnetic tapecomputer data system. (The effluent, He at 15 m l/ min, from a 1.5 m x 2 mm i.d. glass column con taining 3% OV-1 on V araport at 170 °C was directed into the spectrometer, operated at 70 ev and 200 jua, through a Gohlke glass separator, with scans recorded every 2 sec.) Computer-generated re constructed gas chromatograms (RGC) were ob tained from the total ionization current (total m/e range) and from individual m/e values found in the mass spectrum of disparlure. The RGC of the total m/e range showed an interfering peak emerging before disparlure and other background m aterial (Fig. 1) . This interference was suppressed by re- cording RGC's at m/e values characteristic of dis parlure and as a result, a peak appeared at the tR of disparlure, providing evidence for its presence in the extract. At the low concentrations injected, disparlure lost water and gave rise to a characteristic m/e 264 (mol. ion -18) peak. Presence of this fragment is clear in the com parison of the RGC of the total ion current and the RGC of m/e 264 only shown in Fig. 1 . In the RGC from m/e 264, a peak appears at spectra 19 -20 , precisely the Ir of dis parlure. The mass spectrum at this point, corrected for background, was consistent with that of pure dis parlure. When 0.4 jug of pure disparlure was added to another portion of the extract and injected, the peak on the RGC of m/e 264 occurred at the same retention time, and the peak size was markedly in creased.
For further confirmation of structure, tests for the epoxide group were made 8. In one, extract equi valent to about 40 glands was evaporated to near dryness and then diluted to 100 ju\ with didiloromethane. An aliquot was chromatographed on the SE-30 column as described, followed by chromato graphy of a second aliquot that had been reacted with dry H5I 0 6 for 7 min. The height of the GC peak having the tR of disparlure was reduced 50% by the reaction, and no further reduction occurred after an additional 5 min of reaction time. A small peak with a tR matching that of undecanal was generated by the reaction, thereby providing evi dence that not only was an epoxide present but that the position of the epoxide group in the chain was the same as in disparlure. This experiment was re peated on a SCOT column (15 m, 0.05 mm i.d., OV-lO l, injected sample at 80 °C, tem perature pro grammed 8 °C/m in to 200 °C and held, tR dis parlure 17.1 min) to secure improved resolution. Again 50% of the peak was eliminated by the reac tion; therefore only half of the peak can be at tributed to disparlure; the composition of the other half is unknown. EAG tests were consistent with the foregoing findings since the reaction caused di minution of EAG response.
In the second test for epoxide functionality 8, the extract was spotted at two points on a silica gel TLC plate (Brinkmann) and only one of the spots was allowed to react for 15 min with 10% H 3P 0 4 . After the plate was developed, the spots were scraped off and eluted with 15% ether in hexane; each eluate was concentrated and analyzed by GC on the SE-30 column. Again the peak with the tR of disparlure was reduced by 50% as a result of treatment, indi cating the presence of an epoxide probably of cis configuration8. Reaction of 7 jug of disparlure in the same way was 98% complete.
Finally, the olefin precursor of disparlure, cis-2-methyl-7-octadecene, that was found in the extract of gypsy moth glands 6 was sought in the inactive hydrocarbon fraction of the nun moth ex trac t9. Epoxidation followed by chromatography on silica gel produced a m aterial with an above control EAG response at the elution volume of disparlure.
Thus, all physical and chemical tests for dis parlure in the extract of the female nun moth were positive: GC f # , elution volumes from columns of silica gel and silica gel-silver nitrate, mass spectra derived from gas chromatography-mass spectral analysis, functionality (positive for epoxy group, indication of proper epoxide position by the un decanal generated, and cis configuration from TLC ), presence of the disparlure precursor, and the better than control EAG .response to fractions correspond ing to those of disparlure in the various chromato graphies. Since the observed peak on SE-30, estimated to be about 10 ng per gland, was de creased by 50% in the epoxide tests, the amount of disparlure found per gland is estimated to be about 5 ng per gland.
D iscussion
The identification of disparlure in the female lure gland of the nun moth is in accordance with all previous behavioral and electrophysiological tests:
a. Males of both species are equally attracted to synthetic disparlure in the field 1-6. Both species prefer disparlure over several closely related ep oxides 2.
b. Electrophysiologically (EAG and single-cell recordings), disparlure was the most effective of 50 related epoxides in both species. As in a., no species differences have been found in the response pattern to disparlure modifications 2> 10.
c. In EAG cross tests (see P rie sn e r14, below) with female glands and male antennae of both spe cies, the naturally produced pheromones elicited reciprocal responses.
d. The two species show cross attraction in field experiments (see below ).
The evidence that two partially sympatric species produce the same compound as a sex attractant raises the question of the means by which they m ain tain their reproductive isolation. W ith regard to the role of pheromones, one may ask whether dis parlure is indeed the only luring principle? Are there other pheromones, e. g. from the males, play ing a role? Or are there additional sensory signals used for species recognition?
In the context of this question it is necessary to consider a recent paper by Iwaki et al. 11, who syn thesized the two possible optical isomers (enantiomers) of disparlure in approximately 96% pure form. They found in behavioral and EAG tests that the gypsy moth males respond to at least 100-times lower concentrations of the ( + ) disparlure isomer than the ( -) isomer. Could it be that the two spe cies produce different disparlure enantiom ers?
While there exists at present no chemical inform a tion to answer this question, a comparison of the biological effects of the female lures gives some in dicative evidence. The degree of cross-attraction of the two species in the field has already been in vestigated in two earlier papers 12,13 and is present ly the subject of a detailed study by one of us (H. S.). The results show that females of both species attract males of both species, but in a com petitive test, nun moth females were more effective than gypsy moth females in attracting nun moth males. In EAG cross tests with both species 14, the glands of P. dispar and of L. monacha females were found to be equally effective olfactory stimuli to male antennae of both species. W hatever the basis for the behavioral discrim ination of the species may be, it is not apparent in the EAGs. The reported 1:100 differences in the EAG-effectiveness of the two enantiomers 11 on the one hand, and the full reciprocal EAG effect of the gland products on the other hand are not compatible with the concept that the gypsy moth produces only the ( + ) enantiomer and the nun moth the ( -) enantiomer.
The above results do not rule out the possibility that one or both species produce both disparlure enantiomers. If such optical isomerism is relevant for species recognition, this would imply the exis tence of a minimum of two types of disparlure re ceptors which respond differently to the enantiomers. Optical isomerism would then play a role sim ilar to the well established one in which pheromones of various closely related moth species contain dif ferent proportions of geometrical isomers of a com pound 15_19.
Single olfactory receptor cells discrim inating be tween optical isomers have been documented in the m igratory locust and the honeybee 20. Although the stimulating chemicals were not pheromones in those studies, it was recently reported that the naturally produced ( + ) -isomer of an ant alarm pheromone is clearly more effective than the ( -) form in be havior tests 21.
